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Design, Synthesis and Characterization of Zeolites and
 Mesoporous Molecular Sieve Catalysts for Selective             Synthesis of Heterocyclic Drug Intermediates



The science and technology of catalysis is one of the rapidly moving frontiers in the area of chemical sciences. It is the cornerstone on which the edifice of modern chemical industry is built. It also plays a dominant feature in various biological reactions such as enzyme process and photosynthesis is vitally important in our daily life. Many industries in particular, petroleum, petrochemical, fine chemical and allied industries have benefited from the technological advancements in the area of heterogeneous catalysis. The stringent demand for clean environment now has become essential to devise novel catalysts and processes to reduce raw material consumption, energy and wastage. There has been a move away from the ‘command and control’ approach to environmental protection to a more scientifically based and economically beneficial approach known as Green Chemistry. 
The use of heterogeneous catalysis, in particular zeolites and mesoporous molecular sieves has significantly contributed to the design and synthesis of novel materials and development of new methodologies in organic synthesis targeted to dispense the conventional and waste generating reagents thereby increasing the atom efficiency and decreasing E-factor.



Aim of the present work
As a part of our continued effort, the present work highlights the design of molecular sieve catalysts for the synthesis of drug intermediates through cyclization reactions and eco-friendly methodology for protection of alcohols, an important step for synthesis of complex drug molecules. The catalysts synthesized in the laboratory were characterized by various techniques. Various reaction parameters have been studied and optimized to get high selectivity’s of the desired products. The thesis covers the results of investigation on the “Design, synthesis and characterization of zeolites and mesoporous molecular sieve catalysts for selective synthesis of heterocyclic drug intermediates”.
The thesis is divided into six chapters as follows 
	The first chapter is introduction, which presents the background information available in the literature on zeolites and mesoporous materials.
	The second chapter details the synthesis of catalysts, synthesis mechanism, modification of the catalysts used, and their characterization.
	The third chapter presents the studies on cyclization reaction for the synthesis of an aryl pyridine, 2,6-bis(4-methylphenyl)pyridine, a non-steroidal drug intermediate.
	The forth chapter deals with synthesis of annulated pyridines. It is sub-divided into three sections.
(a)	Synthesis of 1,2,3,5,6,7-hexahydrodicyclopenta[b, e] pyridine an anti-ulcer agent.
(b)	Synthesis of 1,2,3,4,5,6,7,8-octahydroacridine, very important intermediate for the synthesis of a variety of drugs, dyes, alkaloids and other biologically important compounds.
(c)	Synthesis of 9-amino 1,2,3,4,5,6,7,8-octahydroacridine an intermediate for the synthesis of tacrine, which is used in the treatment of Alzehmeirs disease. 
	The fifth chapter highlights the protection of alcohols as an important methodology for successful synthesis of complex organic molecules.
	The sixth chapters illustrate the conclusions based on the scrutiny of all the results obtained in the thesis.
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Chapter I	

Introduction

The emergence of zeolite catalysis and zeolite technology has attracted great attention owing to its applications in chemical industries, energy supply system, raw materials for synthesis of polymers, automobiles and textile industries etc. The discovery of novel family of molecular sieves called M41S, by the researchers at Mobil Research and Development Corporation with well defined pore sizes of 15-100 Å, break the pore size constraint (<15 Å) of microporous zeolites. The past decade has made significant advances in designing new porous solids with ordered structures from wide range of different materials. This has resulted in materials with unusual properties and broadened their application range beyond the traditional use as catalysts and adsorbents. Infact, porous materials now seem set to contribute to developments in areas ranging from microelectronics to medical diagnosis. 
Nitrogen containing heterocyclic compounds, such as pyridines, acridines, indoles quinolines are industrially important intermediate compounds used for the production of agrochemicals, drugs, dyes, insecticides and other biologically active compounds. At present most of these compounds are recovered by coal tar distillation, even though this source is no longer able to cover the market demand. Increase in attention is being focused on vapor phase single step synthesis using heterogeneous catalysts owing to their advantages such as continuous production, absence of liquid waste, simplified recovery and catalyst regenerability etc.
In this context, the synthesis of drug intermediates in vapor phase and liquid phase over zeolites and mesoporous molecular sieves have been initiated. The reactions are highly selective, eco-friendly and convenient in comparison to earlier conventional reports.
Chapter II


Experimental 

The commercial zeolites HZSM-5 of Si/Al = 30, 55, 100, 129 and 280 were obtained from Conteka (Sweden). HY with Si/Al = 2.6 is obtained from PQ corporation USA. H from Sud-Chemie India. MCM-41 catalysts were prepared in the laboratory by hydrothermal synthesis. All the chemicals used for catalyst preparation and modifications were of analar grade, BDH reagents and were used as such without further purification.
The zeolites were modified by various metal ions like Fe(III), Cu(II), Ce(III), La(III), Zn(II), Mn(II), Pb(II), V(V) and Zr(IV) by impregnation method as well as isomorphous substitution methods.
Al-MCM-41 (with Si/Al ratio ​ 15.5) was synthesized in the laboratory as described in earlier reports. Aluminium isopropoxide (0.76 gm) was dissolved in 20 ml of distilled water having 0.3 gm of NaOH and stirred for 30 min till a clear solution is obtained. Then 9.4 ml of tetra ethyl ammonium hydroxide (TEAOH) was added to the solution while cooling under stirring (Solution A). Simultaneously the required amount of tetraethylorthosilicate was taken in another beaker in 50 ml water (Solution B) and then solution A was added slowly to solution B with stirring. After stirring for 2 h, hexadecyltrimethyl ammonium bromide (HDTAB) 10.55 g was added slowly to the above mixture. Finally the gel mixture having the molar composition of SiO2 : x Al2O3 : 2.2 HDTAB : 3.16 TEAOH: 1.89 Na2O : 615 H2O (x varies with Si/Al ratio) was transferred into an autoclave and heated at 100 ºC for 24 h. The recovered product was calcined at 500 ºC in air for 12 h to expel the imprisoned template.
The factors like surfactant to silica ratio, alkalinity, temperature, addition of swelling agents and synthesis conditions affects the final structure and geometry of a mesoporous material. Various synthesis mechanisms were postulated. 
The commercially available and indigenously synthesized catalysts were characterized by various techniques like XRD, IR, DTA/TGA, BET-Surface area, NH3-TPD, ESCA, UV-vis DRS, Pore size distribution, SEM and TEM.
The catalytic activity studies were carried out in both vapor phase and liquid phase. The vapor phase cyclization reaction was carried out using a continuous fixed bed tubular down-flow glass reactor (id - 20 mm and length - 45 cm) at atmospheric pressure. The reaction mixture was fed from the top of the reactor by using a syringe pump (profuse, B. Braun Germany) to the catalyst placed in the middle of the reactor. The product was collected through an ice cold water-cooled condenser.
The reaction products were analyzed by gas chromatography (Nucon 5765) using 10 % SE-30 column and products and further confirmed by EI-MS, GC-MS, CHN analysis, TLC and Column chromatography and NMR spectroscopy.







Chapter III

Synthesis of Aryl Pyridines

Aryl pyridines are important intermediates for the synthesis of drugs, agrochemicals, pesticides, prolongators, insecticides and avia-repellents. 2,6-bis (4-methylphenyl) pyridine (2,6-BP) is also used as a ligand for the synthesis of metal complexes. Aryl pyridines are finding their use as aromatase inhibitors, in which pyridinic nitrogen of the derivatives interacts with heme iron via ligation. Such a phenomenon is used for treating cancerous cells. They are used as non-steroidal inhibitors of human placental aromatase. 
2,6-bis(4-methylphenyl) pyridine, which is used as non-steroidal inhibitors of human placental aromatase was synthesized with high selectivity from cheap raw materials 4-methyl acetophenone (4-MAP), formaldehyde and ammonia in a single step (Scheme 1). The vapor phase cyclization reaction was carried out using a fixed bed tubular down-flow glass reactor (id-20 mm and length-45 cm) at atmospheric pressure. The heterocyclization of 4-MAP, ethanol, formaldehyde and ammonia were carried out over HY, HZSM-5, Hβ and Al-MCM-41. The catalytic activity in terms of 4-MAP conversion follows the order HZSM-5 ≈ Hβ > HY > Al-MCM-41. The cyclization reaction results 2,6-bis (4-methylphenyl) pyridine (2,6-BP) as the major product of the reaction independent of the zeolite used, along with 2-(4-methylphenyl)pyridine (2-P) and 2,6-bis(4-methylphenyl)pyridine (2,6-MBP) as by-products in considerable amounts. Various parameters like effect of temperature, WHSV, variation of molar ratio of feed, metal modification and time on stream were studied and optimized the conditions for high yields.



Scheme 1. A pictorial representation of vapor phase synthesis of 
                                   2,6-bis(4-methylphenyl) pyridine

	Vapor phase cyclization of 4-MAP, ethanol, formaldehyde and ammonia at 300 C over Al-MCM-41 involves the formation of imine↔amine intermediates, which on further dehydrogenation and deamination form 2,6-BP as major product and 2-P, 2,6-MBP as by-products. The cyclization reaction in the absence of ethanol forms 2,6-BP selectively. The molecular sieve Al-MCM-41 with Si/Al ratio of 37.5 has suitable acidity for selective formation of 2,6-BP. The observed product distribution supports the mechanism proposed.


Chapter IV

 Synthesis of Diannelated Pyridines

In this chapter the synthesis of highly important and biologically active N-containing condensed heterocyclic compounds like 1,2,3,5,6,7-hexahydrodicyclopenta [b, e] pyridine, 1,2,3,4,5,6,7,8-octahydroacridine highly important drug intermediate and 9-amino 1,2,3,4,5,6,7,8-octahydroacridine were reported with high yields in a continuous heterogeneous fixed bed system from inexpensive and readily available starting materials like cyclopentanone/cyclohexanone, formaldehyde/formamide, and ammonia over zeolites and mesoporous molecular sieves as shown in Scheme 2. An attempt has been made to correlate the relationship between the pore sizes, shape selectivity, acidity and acid site strength of the catalyst for selective synthesis of desired product. The various reaction parameters like modification of the catalyst, effect of temperature, effect of molar ratio of the reactants, variation of contact time between the reactants and catalyst bed and time on stream have been studied.


Scheme 2. Vapor phase synthesis of diannelated pyridines

This chapter is sub divided into three sections
Section A: Synthesis of 1,2,3,5,6,7-hexahydrodicyclopenta [b, e] pyridine
Section B: Synthesis of 1,2,3,4,5,6,7,8-octahydroacridine and
Section C: Synthesis of 9-amino 1,2,3,4,5,6,7,8-octahydroacridine

Section A


Selective synthesis of 1,2,3,5,6,7-hexahydrodicyclopenta [b, e] pyridine

1,2,3,5,6,7-hexahydrodicyclopenta [b, e] pyridine, an anti ulcer agent was synthesized in vapor phase by the cyclization of cyclopentanone, formaldehyde and ammonia over zeolites and mesoporous molecular sieves (Scheme 3). The cyclization reaction mainly forms two major products 1,2,3,5,6,7-hexahydrodicyclopenta[b,e]pyridine (HHDCP)  and thermodynamically more facile spiro[cyclopentane-1,8'-(1',2',3',5',6,'7',8',8'a-octahydrodicyclopenta[b,e]pyridine (SCOHDCP) and  considerable amounts of side products. High selectivity of HHDCP is observed over modified MCM-41 than in unmodified systems. Emphasis was given to correlate the acidity with activity and understanding thermodynamic feasibility of the products. A thermodynamically less facile product HHDCP was achieved selectively (83 %) at 100 % cyclopentanone conversion on Co-Al-MCM-41 indicating the presence of suitable acid sites that are necessary for cyclization reaction.





Scheme 3. A pictorial representation of vapor phase synthesis of
         1,2,3,5,6,7-hexahydrodicyclopenta [b, e] pyridine


Section B

Selective synthesis of 1,2,3,4,5,6,7,8-octahydroacridine

Octahydroacridine an important drug intermediate was synthesized in vapor phase with high selectivity from cheaper raw materials cyclohexanone, formaldehyde and ammonia over zeolites and modified zeolites (Scheme 4). Of all the catalysts studied HZSM-5(30) is found to be highly selective for the synthesis of octahydroacridine (OHA). It is further modified with various metal ions and various reaction parameters were optimized to get high selectivity of OHA. 3-wt % Ce modified HZSM-5 (30) show maximum selectivity as high as 93 % was achieved at 100 % cyclohexanone conversion. A plausible reaction mechanism was proposed. Molecular modeling studies confirmed the suitability of HZSM-5 catalyst for selective synthesis of OHA.


Scheme 4. Vapor phase synthesis of octahydroacridine

Section C

Synthesis of 9-amino 1,2,3,4,5,6,7,8-octahydroacridine

9-amino 1,2,3,4,5,6,7,8-octahydroacridine is a very important drug intermediate for the treatment of Alzheimer’s disease was synthesized in a single step from cyclohexanone, formamide and ammonia over zeolites and mesoporous molecular sieves as shown in Scheme 5. Al-MCM-41 is found to be more suitable for selective synthesis of 9-amino octahydroacridine. Various reaction parameters were optimized for selective formation 9-amino octahydroacridine. The vapor phase cyclization at 350°C over Al-MCM-41 involves the formation of an imine↔amine intermediate, which on further dehydrogenation and deamination form 9-amino 1,2,3,4,5,6,7,8-octahydroacridine. The molecular sieve Al-MCM-41 with Si/Al ratio of 37.5 has suitable acidity for selective formation AOHA (76 %). The observed product distribution supports the mechanism proposed.


Scheme 5. Vapor phase synthesis of 9-amino 1,2,3,4,5,6,7,8-octahydroacridine
           
        Chapter V

Protection of alcohols

The protection of functional groups is very important for the successful synthesis of complex molecules. The p-methoxybenzyl (PMB) and 3,4-dimethoxybenzyl (DMB) groups have proven their usefulness for protection of hydroxyl group because of the ease with which these groups undergo deprotection under neutral and mild conditions. Like the benzyl ether group, the PMB-group is traditionally introduced under basic conditions (NaH, dimethylformamide, p-methoxybenzyl chloride) or under protic or lewis acidic conditions (BF3.Et2O, pyridinium toluene-p-sulfonate, trifluoromethanesulfonic acid, camphorsulphonic acid) and with other reagents such as 4-methoxybenzyl-2-pyridylthiocarbonate etc. Herein, we reported a new and efficient protocol for the conversion of alcohols into p-methoxybenzyl ethers using these solid acid zeolites as given in Scheme 6. This method was then extended to a variety of substrates like alkyl, terpene and carbohydrate alcohols.


Scheme 6. Liquid phase protection of alcohols over molecular sieves

The use of zeolites is a novel and efficient method for the selective protection of alcohols using inexpensive and regenerable catalyst systems. The merits of the present method are: 
	High selectivity for primary alcohols
	Low cost and simple work up
	Reusability and
	Tolerance to a wide variety of acid and base sensitive functional groups. 



Chapter VI

Conclusions

This chapter represents salient features of results obtained in the present investigation were summarized and they are provided in Table 1-2. 
	Attempts were successful in designing and synthesis of zeolites and mesoporous molecular sieves for selective synthesis of the drug intermediates. 
	The combination of acidity, shape selectivity and geometry of the zeolites and mesoporous molecular sieves are controlling the activity and selectivity of the desired products. 
	Thermodynamically less facile product was selectively synthesized  
	Molecular modeling studies were studied to prove the selectivity of the product molecules. 
	Novel and eco-friendly methodology was developed to replace the conventional multi-step processes.
Finally we have succeeded in designing eco-friendly catalysts for synthesis of drug intermediates with high selectivity. This work offers real potential for designing catalysts in terms of both sustainable and eco-friendly technology.







Table 1 Salient features of vapor phase cyclization reactions carried out for the synthesis of heterocyclic compounds

Reactants	Catalyst	Product	% Conversion          	% Selectivity 
4-methyl acetophenone + Formaldehyde + Ammonia	Al-MCM-41 (37.5)	2,6-bis(4-methylphenyl)pyridine	76.3	98.0
4-methyl acetophenone + Ethanol +  Ammonia	Al-MCM-41 (37.5)	2,6-bis(4-methylphenyl) 4 -methyl pyridine	22	43.5
Cyclopentanone + Formaldehyde + Ammonia	Co-Al-MCM-41	1,2,3,5,6,7-hexahydrodicyclopenta [b, e] pyridine	100	82.6
Cyclopentanone + Formaldehyde + Ammonia	HY (2.6)	Spiro[cyclopentane-1,8'-(1',2',3',5',6' 7',8',8'a- octahydrodicyclopenta[b, e] pyridine	 82	49.5
Cyclohexanone + Formaldehyde + Ammonia	Ce-HZSM-5 (30)	1,2,3,4,5,6,7,8-octahydroacridine	100	91.7
Cyclohexanone + Formamide + Ammonia	Al-MCM-41 (37.5)	9-amino 1,2,3,4,5,6,7,8-octahydroacridine  	94.5	76.3





Table 2.  Salient features of liquid phase protection of alcohols
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